Introduction
============

Negatively curved nanographenes are attracting much attention as a new form of carbon.[@cit1] sp^2^-hybridized carbons form graphene and carbon nanotubes by constructing a hexagonal lattice.[@cit2] When a small ring such as a five-membered ring or a four-membered ring is incorporated into this structure, it becomes a bowl-shaped structure with a positive curvature resulting in a carbon nanotube endcap or fullerenes.[@cit3],[@cit4] On the other hand, if a relatively large ring, a seven- or an eight-membered ring, is introduced, the carbon sheet forms a saddle shape having a negative curvature.[@cit4] It is well known that carbon structures can be extended three-dimensionally by introducing negative curvatures, and various kinds of exotic nanocarbons, such as carbon nanotube joints, saddle-shaped sheets, Mackay crystals, carbon coils, and carbon tori, have been proposed.[@cit4],[@cit5] However, because there was no effective way to synthesize these negatively curved nanocarbons, research on their synthesis and function has not been developed. In 2013, we reported the synthesis of warped nanographene (WNG), a grossly warped polycyclic aromatic hydrocarbon (PAH) with five seven-membered rings ([Fig. 1](#fig1){ref-type="fig"}). WNG has different properties from planar PAHs.[@cit6] For example, WNG can be dissolved in organic solvents because the van der Waals interaction between WNG molecules is small due to the curved structure. In general, big and planar PAHs cannot be dissolved in organic solvents,[@cit7] and even hexabenzocoronene, which is smaller than WNG, must be substituted to enable solution-state transformations,[@cit8] except for perchlorination.[@cit9]

![Warped nanographene (WNG) and its derivatives. (a) Structures of WNG and water-soluble WNG; (b) ten-fold functionalization of WNG *via* decaborylated WNG (this work).](c9sc03061a-f1){#fig1}

Furthermore, WNG exhibits green fluorescence in organic solvents and water. Using these properties, we succeeded in the synthesis of water-soluble WNG and its application to bio-imaging in 2018 ([Fig. 1](#fig1){ref-type="fig"}).[@cit10] Water-soluble WNG accumulates in lysosomes of HeLa cells and acts as a fluorescent probe. In addition, HeLa cells incorporating water-soluble WNG can be selectively killed by visible light irradiation. This is because water-soluble WNG is not cytotoxic and has the ability to generate singlet oxygen. Thus, the usefulness of highly curved nanographene has been demonstrated. However, all of the WNGs synthesized so far are green fluorescent and have not been successfully tuned electronically.[@cit6],[@cit10] In particular, long wavelength absorption and fluorescence are essential for the applications of chemical biology. Since pristine WNG is currently commercially available,[@cit11] electronically tuned WNG can be easily obtained if a method for functionalizing pristine WNG is developed.

Herein we report the rapid synthesis of WNG derivatives using iridium-catalyzed decaborylation as a key reaction ([Fig. 1](#fig1){ref-type="fig"}). The iridium-catalyzed borylation of PAHs is a powerful reaction to functionalize aromatic rings with high selectivity.[@cit12] Because the boryl group is a platform that can be converted into various functional groups,[@cit13] it is expected that a variety of WNG derivatives can be easily obtained *via* this method.

Results and discussion
======================

Synthesis and structure
-----------------------

Initially, we screened the reaction conditions (*e.g.* solvents, temperature, and ligands) of this C--H borylation in order to find suitable conditions for the ten-fold C--H borylation reaction of **1**. Rather than 4,4′-di-*tert*-butyl-2,2′-bipyridyl, which is a ligand conventionally used for such C--H borylations, we selected 3,4,7,8-tetramethyl-1,10-phenanthroline (tmphen) to increase the catalytic reactivity.[@cit14] THF, mesitylene (1,3,5-trimetylbenzene), and alkanes proved to be unsuitable solvents. Finally, cyclopentyl methyl ether (CPME) was identified as a suitable solvent, and we successfully obtained the decaborylated WNG **2** in 75% isolated yield when **1** and HBpin (Bpin = 4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) were stirred at 120 °C in a sealed tube in the presence of a catalytic amount of \[Ir(OMe)cod\]~2~ (25 mol%) and tmphen (50 mol%) ([Fig. 2a](#fig2){ref-type="fig"}). Ten borylation is the largest among previously reported C--H borylation of pristine PAHs such as pyrene, perylene, coronene, and corannulene.[@cit15],[@cit16] The structure of **2** was identified on the basis of ^1^H and ^13^C NMR spectroscopy as well as high-resolution mass spectrometry measurements. In the ^1^H NMR spectrum of **4** in C~2~D~2~Cl~4~ at 140 °C, three singlets with a 1 : 1 : 12 integration ratio were observed at 9.10, 7.87 and 1.48 ppm, respectively, which indicates that **2** exhibits ten-fold pseudosymmetry in solution due to rapid dynamic motion at such high temperatures. This observation is consistent with the behavior of previously reported WNG derivatives.[@cit6],[@cit10]

![Synthesis of decaarylated WNGs *via* the ten-fold C--H borylation of WNG. (a) Ten-fold C--H borylation of **1**. (b) ORTEP drawing of **2** with thermal ellipsoids set to 50% probability; all hydrogen atoms and solvent molecules are omitted for clarity; gray: carbon; yellow: boron; red: oxygen. (c) Packing mode of **2** viewed along the *b* axis. (d) Suzuki--Miyaura cross-coupling of **2** with aryl halides **4a**,**b** to give decaarylated WNGs **3a**,**b**. Abbreviations: Bpin = 4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl; cod = 1,5-cyclooctadiene; CPME = cyclopentyl methyl ether; dba = dibenzylideneacetone; SPhos = 2-dicyclohexylphosphino-2′,6′-dimethoxybiphenyl.](c9sc03061a-f2){#fig2}

The molecular structure of **2** was further confirmed by single-crystal X-ray diffraction analysis ([Fig. 2b and c](#fig2){ref-type="fig"}). Suitable crystals were obtained from the slow evaporation of a saturated diethyl ether solution of **2**. The X-ray crystal structure analysis confirmed our expectation that the C--H borylation of **1** occurs at sterically unhindered positions. The core structure of **2** is similar to those of previously reported WNG derivatives,[@cit6],[@cit10] which indicates that the effect of the ten boryl groups on the warped structure of the WNG core is negligible. The packing structure of **2**, viewed along the *b* axis, is shown in [Fig. 2c](#fig2){ref-type="fig"}. Due to the bulky boryl groups, π--π interactions between WNG cores could not be observed, which is in good agreement with the high solubility of **2** in organic solvents. Co-crystallized Et~2~O molecules are contained within the cavities.

With the decaborylated WNG (**2**) in hand, we then attempted to engage **2** in Suzuki--Miyaura cross-coupling reactions in order to demonstrate the potential utility of **2** as a universal synthetic platform for the rapid preparation of WNG derivatives. As coupling partners, *p*-(trifluoromethyl)phenyl and *p*-(diphenylamino)phenyl groups were selected as electron-withdrawing and -donating groups, respectively, with the expectation to modify the electronic properties of WNG. The ten-fold Suzuki--Miyaura cross-coupling reactions of **2** with the corresponding aryl halides (**4a**,**b**) were carried out for 3 h at 100 °C in toluene/water in the presence of Pd~2~(dba)~3~·CHCl~3~, 2-dicyclohexylphosphino-2′,6′-dimethoxybiphenyl (SPhos) and Cs~2~CO~3~. The corresponding decaarylated WNGs (**3a**,**b**) with electron-withdrawing and -donating groups were obtained in 60% and 58% yield, respectively. The structures of **3a**,**b** were assigned on the basis of high-resolution mass spectrometry, as the ^1^H and ^13^C NMR signals of **3a**,**b** were broadened even at 100 °C. The singlet signal observed in the ^19^F NMR spectrum of **3a** (--63.6 ppm) supports the attributed pseudosymmetric structure in solution at 100 °C. Notably, **3a** is soluble not only in non-polar organic solvents but also in polar solvents such as acetone and methanol.

Photophysical properties
------------------------

To gain further insight into the effect of the presence of peripheral functional groups on the photophysical properties of the WNG core, the UV-vis absorption spectra, fluorescence spectra and fluorescence quantum yields of **2**, **3a**, and **3b** were measured and compared with those of **1** ([Fig. 3a](#fig3){ref-type="fig"}). The absorption and fluorescence spectra of **1** reveal characteristic peaks at 418 nm and 500 nm, respectively. Both the absorption and fluorescence spectra of **2** are similar in shape to the corresponding spectra of **1**, albeit slightly shifted bathochromically (434 nm and 510 nm). In the case of **3a** and **3b**, the spectra are broadened and also bathochromically shifted. This red-shift is also reflected in the fluorescence color, which changes from green (**1** and **2**) to yellow (**3a**) and red (**3b**). It is worth noting that the quantum yield of **3b** (0.47) is higher than those of **1** (0.26), **2** (0.20) and **3a** (0.28). Time-dependent density functional theory (TD-DFT) calculations at the B3LYP/6-31G(d) level of theory were used to determine the shape, energy levels and potential transitions between the HOMO and LUMO of **1**, **2**, **3a** and **3b** ([Fig. 3b](#fig3){ref-type="fig"}). The results of these calculations suggest that the introduction of peripheral substituents affects the energy levels of the HOMOs and LUMOs in **2**, **3a** and **3b** relative to those of **1**. In **2**, **3a** and **3b**, the shapes of the HOMOs and LUMOs are very similar to those of **1** except for the HOMO of **3b**, in which effective π-conjugation is observed between the WNG core and the aminophenyl groups. As expected, the electron-withdrawing trifluoromethylphenyl groups of **3a** lower the energy level of its HOMO and LUMO, while the electron-donating diphenylaminophenyl groups increase the energy level of the HOMO of **3b**. The HOMO--LUMO energy gap decreases in the order **1** (3.30 eV) \> **2** (2.88 eV) \> **3a** (2.80 eV) \> **3b** (2.62 eV), which is in good agreement with the bathochromic shifts observed in the absorption and fluorescence spectra. According to the TD-DFT calculations, the HOMO--LUMO transitions are symmetrically allowed, and, most notably, the oscillator strength of **3b** (*f* = 0.321) is higher than those of the other three compounds, probably due to the π-conjugation effect. The increase of the oscillator strength might be responsible for the higher quantum yield of **3b** relative to that of **1**, despite the fact that the fluorescence of **3b** is bathochromically shifted relative to that of **1**.

![Photophysical properties of WNG derivatives. (a) UV/vis absorption (solid lines) spectra, fluorescence (dotted lines) spectra, absolute fluorescence quantum yields (*Φ*~F~), and photographs of dichloromethane solutions of **1**, **2**, **3a**, and **3b** recorded under illumination with either ambient or UV light (254 nm). (b) Frontier molecular orbitals and energy levels of **1**, **2**, **3a**, and **3b** calculated at the B3LYP/6-31G(d) level of theory. Excitation energies were calculated by TD-DFT calculations at the same level. The *f* values refer to the oscillator strength.](c9sc03061a-f3){#fig3}

Conclusions
===========

We have developed a method for the ten-fold borylation of pristine WNG (C~80~H~30~), which dramatically increases the solubility of WNG compared to other planar PAHs of similar size. This is the first report on the C--H borylation of non-substituted PAHs larger than coronene (C~24~H~12~). The transition-metal-catalyzed functionalization of such large PAHs without any solubilizing substituents was enabled by the grossly warped structure of **1**. Moreover, we confirmed that the thus-obtained decaborylated WNG (**2**) is a useful synthetic intermediate for the generation of functionalized WNGs. In order to demonstrate the feasibility of this concept, we engaged **2** in Suzuki--Miyaura cross-coupling reactions with aryl halides (**4a**,**b**), which provided decaarylated WNGs in high yields. The introduction of electron-withdrawing or -donating groups effectively tunes the photophysical properties of WNG, which is reflected in the bathochromically shifted fluorescence with a higher quantum yield of **3b** relative to that of **1**. This behavior can be explained in terms of an efficient π-conjugation of the WNG core and the peripheral aminophenyl groups. The electron withdrawing aryl groups in **3a** lower the LUMO by 1.0 eV, and the electron-donating aryl groups in **3b** raise the HOMO by 0.4 eV, relative to those frontier MOs in non-substituted **1**. Given that pristine WNG is now commercially available, its derivatization *via* this borylation method as a key step can be expected to significantly accelerate the application of WNG-based functional materials.
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